I. INTRODUCTION
he 3GPP LTE also known as the 4 th generation technology is the potential key to meet the exponentially increasing demand of the mobile end users from the perspective of higher data rates and efficient bandwidth usage [1] .
Recent research on LTE used either 2 GHz or 2.6 GHz as the spectrum allocation for urban locations [1, 2] . As the urban locations has non-line-of-sight (NLOS) operating environment, the coverage area of eNB in urban locations is much smaller than any of the former technologies which has a radius of 1 km [2, 3] . The small cell radius will result in additional deployment of eNB units which would increase the cost and complexity, thus the total cost of ownership (TCO). Cost becomes a major factor from increasing the volume of eNB deployment due to eNB's complex design with all the advances by signal processing and smart antenna techniques [4] . Fig. 1 depicts the overview of the LTE radio access network structure with a conceptual idea of urban area deployment. Fig. 1(a) shows the current proposed field deployment by 3GPP where eNB has to be deployed at every consecutive cell with 1 km radius labeled as cell 1, cell 2 and cell 3. The eNB is connected to the user equipment (UE) directly in this case. In Fig. 1(b) , our proposed method is shown where within the primary cell, the eNB is connected to UE via RN employing RoF technology to provide a consistent signal-to-noise ratio (SNR). The eNB coverage is further extended to the adjacent cell with RoF interface. The major perspective of such strategy in the RN deployments is to decrease the number of eNBs which directly reduces the TCO. We have theoretically carried out the cell extension of LTE with RoF system [5, 6] . The analysis in [5] revealed that the system could achieve a maximum potential transmission distance of 119 km for QPSK-OFDM with directly modulated RoF system and showed the feasibility of coverage that RoF can provide for adjacent cell deployments with single antenna transmission. This paper focuses, for the first time, both theoretical and experimental system design of LTE-RoF for 2x2 MIMO. The 2x2 MIMO was achieved with introducing an alternative technique which utilizes FDM for OFDM. 978-1-4673-0921-9/12/$31.00 ©2012 IEEE Globecom 2012 -Optical Networks and Systems Symposium and the proposed system. Section III introduces the comprehensive theoretical model of the system and experimental implementation. Section IV presents and discusses the obtained results. Finally, Section V concludes the findings of the paper.
II. MIMO TRANSMISSION OVER FIBRE
The LTE physical layer consists of complex topologies including the MIMO and OFDM with various types of SCM [7] . Transmitting MIMO signals over optical fibre is not trivial because the group of signals in MIMO is configured at the same carrier frequency. The problem arises when this group of signals are combined and modulated on the same corresponding optical carrier. After the photodetection, it is impossible to recover individual electrical signal with filtering because the photodetection causes an intermixing effect in the electrical domain. In summary, the potential failures occurs in providing the necessary diversity to the MIMO signals from different antenna are due to modulation of these signals onto the same wavelength and the intermixing effect upon photodetection [8, 9] .
A. Proposed System
The straightforward solution to this problem is to utilize individual lasers, optical fibers and photodetectors (PD) for each MIMO antenna by introducing wavelength division multiplexing with an individual wavelength carrier for each MIMO signals [8] . Jansen et al [10] has also introduced externally modulated optical polarization multiplexing system with coherent detection to solve the associated problem with MIMO modulation in optical system. All these systems will significantly increase the cost of implementation with respect to the number of MIMO antennas and system complexity.
As an alternative solution to this problem, we are proposing OFDM over analogue FDM (FDM-OFDM) for LTE in the context of 2x2 MIMO. Kobayashi et al [11] experimentally transmitted FDM-OFDM up to 80 km single mode fibre (SMF) with external modulation and coherent detection which also increases the cost and complexity of the optical system. On the other hand, Liu et al [8] experimentally demonstrated FDM based directly modulated RoF system for indoor application by utilizing 550 m multimode fibre.
The objective of this paper is to practically implement a directly modulated link with the intention of lowering the cost of LTE-RoF integration. In addition, we are transmitting the signal over 60 km SMF with simple direct detection (DD) based receiver. The transmission span is limited to 60 km due to the limited SMF availability in our laboratory. However, our theoretical studies revealed that the system could achieve up to 119 km [5] . DD based system configuration is cost efficient due to the reduced amount of required components. The OFDM modulated data from each antenna are upconverted to 2GHz and 2.6 GHz respectively by taking the advantage of the spectrum bands allocated for LTE [1, 12] . In RN, it is practically possible to transmit two frequencies with a single antenna that has multiband transmission capability to the respective UE's [13] . The implementation of the access network (see Fig. 1(b) ) between RN and UE is beyond the In terms of system design, we are investigating the physical layer connectivity according to the LTE standard using QPSK at 33 Mb/s, 16-QAM at 67 Mb/s, and 64-QAM at 100 Mb/s as the SCMs with OFDM [7] . Upon performing FDM-OFDM at 2 GHz and 2.6 GHz bands, the bit rate doubled for all modulation schemes. In the optical layer, a distributed feedback laser (DFB) is used as the direct modulation laser adopting intensity modulation (IM)-DD scheme to generate DD FDM-OFDM (DD-FDM). All the relevant system parameters are presented in table I.
The system is evaluated for both carrier frequencies after the photodetection. The evaluation is carried out in terms of all SCM's power penalty and error vector magnitude (EVM) at 60 km transmission for theoretical and experimental system.
III. SYSTEM MODEL
The experimental system shown in Fig. 2 is modeled in MATLAB TM . Some of the important theoretical models are as follow:
A. OFDM Model
At the transmitter, the theoretical model of OFDM applied for the system modeling can be described as:
where N is the number of closely spaced subcarriers, X(k) is the symbol level data modulated with the SCMs, k is the subcarrier frequency, n is the time domain sampling index and x(n) is the OFDM modulated symbols. A fraction of each OFDM symbol known as the cyclic prefix is added to the front of each OFDM symbol. In the experimental work, this operation is known as LTE signal generation.
B. DFB model
DFB laser is the optical modulator utilized in this paper as part of the RoF interface. In theoretical modeling, direct modulation of a DFB laser with respect to an input signal is viable by adopting rate equations as given by (2) and (3). The rate equation is composed of the rate of change of carrier density dN/dt and the rate of change of photon density dS/dt [6] :
where I d is the total current injected into the DFB, e is the electronic charge, V is the volume, N is the carrier density, τ c is the carrier decay rate, G is the linear optical gain coefficient, N t is the transparency carrier density, ε is the nonlinear gain coefficient, S is the photon density, Г is the mode confinement factor, τ p is the photon decay rate and ζ is the fraction of spontaneous emission.
C. SMF
The transmission channel used for the system is SMF. Theoretically, the SMF model that governs the properties of dispersive and nonlinear propagation can be expressed by the generalized nonlinear Schrödinger equation [14] . where A=A(z,T) is the slowly varying envelope of the traversing signal, z is the transmitting distance coefficient, β 2 is the second order dispersion coefficient, T=t-z/v g is the time in a step that propagates at the group velocity v g, α is the SMF attenuation coefficient, λ is the optical wavelength, n 2 is the nonlinear index coefficient. Equation (4) was modelled using the symmetrical splitstep method and known to have a good agreement with a practical optical fibre response [14] .
D. Experimental link
The overall experimental setup for LTE-RoF system is shown in Fig. 2 . All system parameters are presented in table I. The LTE signals generated for this experiment are QPSK, 16-QAM and 64-QAM with OFDM, respectively. The LTE signals have an analogue radio bandwidth of 20 MHz. At the complementary cumulative distribution function of 0.001%, the peak-to-average ratios (PAPRs) are ~11.16 dB, ~11.3 dB and ~11.67 dB for QPSK, 16-QAM and 64-QAM, respectively. The Vector Signal Generator (VSG) will then generate the real-time LTE signal based on the respective In the RoF interface shown in Fig. 2 , the FDM-OFDM LTE signal is coupled into the matching network (MN) circuitry to provide the wideband matching for DML-1754C dense wavelength division multiplexing (DWDM) DFB laser. The signal from the MN is directly applied to the DFB laser to perform IM. The characteristics of the DFB laser is shown is Fig. 4 where the laser is biased at 60 mA, which provides an optical launch power (OLP), linewidth and relative intensity noise of 6.93 dBm, 6.89 MHz and -149.6 dB/Hz, respectively. As depicted in Fig. 2 , the DFB modulated FDM-OFDM LTE signal (DD-FDM) is then coupled into a variable optical attenuator (VOA) to maintain the OLP within the linear region of 0 dBm to -8 dBm [5, 6] . After the VOA, signal traverse through 60 km of SMF and post-amplified via erbium doped fibre amplifier (EDFA) with gain of 6 dB and noise figure (NF) of 3.5 dB and filtered with amplitude spontaneous emission (ASE) filter before DD. The DD used is a Newport D8-ir PD with a responsivity of 0.42.
At the RN, a LNA is used to compensate the attenuation of the SMF. In a real system, this signal will broadcast via an antenna to the UE. In this paper, the signal is split and then analyzed by individual Signal Analyzer (SA)-Agilent 9020A MXA to ascertain the signal quality. The next section will discuss the performance of the system which is measured by the SNR and EVM.
IV. RESULTS AND DISCUSSION
Figs. 5(a), (b), and (c) depict the OLP against real-time power penalty for QPSK, 16-QAM and 64-QAM DD-FDM. Both theoretical and experimental measurements are captured after 60 km of transmission span. The theoretical and experimental result of all three modulation schemes shows minimum power penalty at 0 dBm OLP. The power penalty between 2 GHz and 2.6 GHz is ~1 dB; the penalty is due to the higher magnitude response of the DFB laser at 2 GHz.
At 0 dBm OLP (Fig. 5(a) ), the power penalty of the theoretical QPSK system for 2 GHz and 2.6 GHz are ~18.1 dB and ~18.3 dB, respectively. Compared to the theoretical system, experimental result for 2 GHz and 2.6 GHz are ~18.3 dB and ~18.6 dB, respectively. Likewise, fig. 5(b) and (c) experiences almost similar signal degradation pattern for both theoretical and experimental systems as the OLP reduces. The fundamental behind this degradation pattern is due to the decreasing SNR with respect to lower OLP. In addition to the power penalty analysis, EVM measurement is essential to define the exact system quality since the EVM requirement of 3GPP for LTE has to be less than 8% [15] . Fig. 6(a), (b) , and (c) represent the EVM analysis of QPSK, 16-QAM and 64-QAM DD-FDM system. The results in Fig. 6(a), (b) , and (c) provides the EVM for the theoretical and experimental system for 2GHz and 2.6 GHz signals, respectively. It is clear that theoretical and experimental OLP of 0 dBm provides the lowest EVM for 2 GHz and 2.6 GHz across the aforementioned modulation schemes. The summary of the EVM data is shown in table II for 0 dBm OLP. At 0 dBm ( fig. 6(a) and table II) , the EVM of the theoretical QPSK system for 2 GHz and 2.6 GHz are ~5.8% and ~5.85%, respectively while the experimental QPSK system, achieves higher EVM at 2 GHz and 2.6 GHz of ~5.82% and ~5.86%, respectively. The deviation between theoretical and experimental results is insignificant, while the curves of both theoretical and experimental system resulted in similar pattern, thus proving the accuracy of the theory.
In fig. 6 (a), EVM deteriorates as the OLP decreases. At OLP of -8 dBm, the EVM degrades to ~7.11% for 2 GHz and ~7.4% for 2.6 GHz theoretical QPSK system. The resultants EVM for experimental QPSK system operating at OLP of -8 dBm are ~7.15% and ~7.42% for 2 GHz and 2.6 GHz bands, respectively. Similar degradation pattern occurs for 16-QAM and 64-QAM system as shown in fig. 5(b) and (c), respectively.
The qualitative measurement of the real-time system can be performed with respect to the 3GPP-LTE EVM limit of 8%. In the best case operating point at the OLP of 0 dBm, the 2 GHz and 2.6 GHz bands achieved low EVM (see table II) compared to the 8% EVM limit. For the worst case operating point at the OLP of -8 dBm, the average EVM for QPSK, 16-QAM and 64-QAM are ~7.29%, ~7.72% and ~7.77%, respectively for 2 GHz and 2.6 GHz bands. The worst case operating point is still within the limit of 3GPP-LTE requirement.
V. CONCLUSION
In this paper, we have proposed an alternative method for 2x2 MIMO systems in LTE-RoF by implementing DD-FDM both theoretically and experimentally. Taking into account the advantage of LTE spectrum allocation and our proposed solution, a two-fold gain in the peak data rate has been achieved in the 2x2 MIMO configuration. Our studies revealed that the resulting output quality of the signal is almost identical for both the 2 GHz and 2.6 GHz bands. At 200 Mb/s (64-QAM), the experimental system could achieve EVM of ~5.935% and ~5.99% for 2GHz and 2.6 GHz system, respectively. In the proposed system, the EVM performance is within the 8% stipulated in the 3GPP LTE requirement. This system showed that directly modulated RoF link has a promising potential to extend the coverage of the eNB for adjacent cells and reduce the TCO significantly. 
